Contamination of chemical amplification resists by airborne basic substances can be minimized by reducing the free volume of resist films by annealing. Good annealing requires heating the resist films above their glass transition temperatures. However, it is not usually possible to bake chemical amplification positive resists based on poly(4-hydroxystyrene) above their glass transition temperatures because thermal deprotection typically occurs below their glass transition temperatures. Use of metaisomers to lower glass transition temperatures is described first to prove the validity of our annealing concept. Furthermore, our high temperature bake process of a new thermally and hydrolytically stable positive resist (ESCAP) is reported. The annealing effectively reduces uptake of airborne contaminants by resist films because the diffusivity of small molecules in polymer films is an exponential function of the free volume and thus stabilizes the latent images.
Introduction
Chemical amplification resist systems can provide high sensitivity, high contrast, and high resolution. Among a variety of acid-catalyzed imaging systems reported [1] [2] [3] , the deprotection reaction to change the polarity from a nonpolar to polar state has attracted the most attention as a basis for designing aqueous base developable positive resists, which stems from the necessity to replace the classical diazonaphthoquinone/novolac resists in the advanced short wavelength lithographic technologies. However, due to the catalytic nature of the imaging mechanisms, chemical amplification resists are extremely susceptible to contamination by a trace amount, on the order of 10 ppb, of airborne basic substances such as amines and N-methylpyrollidone (NMP); the contaminants absorbed by the resist film after coating, especially after exposure, interfere with the acid-catalyzed reaction, resulting in formation of an insoluble skin layer and/or T-top profiles in the case of positive imaging and a line width change in the negative systems [4] . IBM's tBOC resist [5, 6] was used in its negative mode in manufacture of 1 megabit dynamic random access memory devices [7] because the skin and T-top formation precluded its use in a positive mode. The manufacturing with the negative tBOC resist, however, required purification of the atmosphere using activated carbon filtration [4] .
The advent of KrF excimer laser lithography has motivated serious efforts to utilize chemical amplification resists and therefore to devise a means to minimize the contamination problem. Such efforts include 1. purification of atmosphere by activated carbon filtration [4] , 2. application of a protective overcoat [8-10], 3. incorporation of a stabilizing additive in resist formulation [11] [12] [13] , 4. reduction of the activation energy of deprotection to eliminate the postexposure bake (PEB) step [14] , and 5. reduction of the resist film free volume by annealing [15] [16] [17] .
Our approach S to environmental stabilization is based on the observation that the propensity of thin polymer films to absorb airborne NMP is primarily governed by their glass transition temperatures (Tg); lower Tg polymer films absorb much less NMP [18, 19] . This paper reviews our annealing concept for the design of contamination resistant chemical amplification resists.
Annealing Concept
The quantitative measurements of NMP absorption in various thin polymer films by the 14C labeling technique have revealed that the NMP uptake is primarily a function of Tg of the polymers with high Tg polymers such as poly(4-hydroxystyrene) (PHOST) and poly (4-vinylbenzoic acid) absorbing much larger amounts of NMP than low Tg polymers such as novolac and epoxy resins [1 8,19] . Another interesting observation is that the NMP uptake is not affected by residual casting solvent, propylene glycol methyl ether acetate (PMA) [20] . We reason that the reduced uptake of NI IP in low Tg polymers is due to reduction of the free volume; low Tg polymer films are more annealed and densified when heated at the same temperature (100 °C in the studies [18, 19] ). Thus, our strategy for environmental stabilization is to reduce the free volume of the resist films by It should be noted that a small decrease in the free volume can be translated into a profound reduction of the diffusivity of small molecules in polymer films as the diffusant mobility (DM) is expressed by DM=e"B~f , where f is a fraction of free volume and B is a constant ranging from 0. S to 1.0 depending on the size, shape, etc. of the diffusant (Fig. 1) .
Annealing of resist films can be accomplished by lowering Tg or by increasing the PAB temperature.
We employed the first approach to prove the validity of the annealing concept and the second approach to design a high performance positive resist ESCAP. Tg can be reduced by lowering molecular weights and/or adding plasticizers. We employed meta-isomers to achieve the goal in comparison with the more common para-isomers [15, 16] .
Negative System Based on Poly(t-butoxycarbonyloxystyrene)
The t-butoxycarbonyl (tBOC) group is the most commonly employed protecting group in the chemical amplification positive resist design. As mentioned earlier, the tBOC resist consisting of poly(p-t-butoxycarbonyloxystyrene) (PBOCST) was used in a negative mode in manufacture of semiconductor devices but required activated-carbon filtration of the enclosing atmosphere for stable operation. Thus, we decided to test our annealing concept by direct comparison of the metaand para-isomers of PBOCST [15, 16] .
The para-and mesa-PBOCSTs undergo thermal deprotection in an identical fashion and exhibit very similar UV absorption spectra. However, their Tg's are profoundly different (Table I ) and these isomers are ideally suited for examination of the effect of Tg on the environmental stability as the commonly-employed PAB temperature of 90-100 °C is lower than the Tg of the para-isomer (130 °C) and higher than the Tg of the mesa-isomer (85 °C). This difference in Tg results in a very large difference in NMP uptake (Table I ) and the latent image stability. When baked at 100 °C for 5 min, these polymer films are almost free of the residual casting solvent and absorb NMP at remarkably different rates (931 vs 99 nglwafer from purified air stream containing 10 ppb NMP) [15, 16] . The meta-isomer film is ten times more impermeable. The refractive index (n) of the meta-isomer film is significantly higher that that of the para-isomer film (An11="O.OO8 and Onl='0.005) when the films are baked at 100 °C, which indicates that the metaisomer film is more densified. The small anisotropy observed in the para-isomer film (AnO.OO3) N also suggests poor annealing at 100 °C (below its Tg of 130 °C) while the meta-isomer film is completely isotropic. Glassy polymers at Tg are considered to have a minimum free volume of 2.5 % (fraction of free volume (0.025). The refractive index difference of NO.4 % between the two isomers baked at 100 °C suggests that the para-isomer film contains '40 % more free volume than the meta-isomer film. Thus, as Fig. 1 indicates, small molecules can diffuse into the para-isomer film much more rapidly, by a factor of 103-106, than into the meta-isomer film.
The m-PBOCST film is less permeable due to its smaller free volume and therefore can be expected to be environmentally more stable in lithographic imaging. We compared a mBOC resist based on m-PBOCST (M=19,6OO and Mw 53,400) and 4.75 wt% triphenylsulfonium hexafluoroantimonate lithographically side-by-side with IBM's tBOC resist consisting of p-PBOCST and the same amount of the same acid generator in terms of NMP contamination (Fig. 2) .
In these experiments, the resist films were prebaked at 100 °C for 5 min, exposed through a mask on a Perkin Elmer 500 mirror projection scanner in the deep UV mode, treated with a extremely high dose (50-100 ppm) of NMP for 5 min in a bell jar, postbaked at 90 °C for 90 sec, and developed with anisole in a negative mode. The mBOC resist treated with NMP after exposure printed 1 µm features quite well whereas the tBOC resist suffered from a massive film loss during development due to devastating contamination. This clear-cut comparison of the meta-and paraisomers convincingly proved the validity of our annealing concept.
Positive System Based on Poly(BOCST-co-HOST)
We compared BOCST-HOST copolymers based on para-and mesa-isomers as positive resist resins [16] . The copolymer compositions were adjusted to give similar dissolution rates in aqueous base. The degree of partial protection was smaller for the mesa-isomer because m-PHOST dissolves a little more slowly than p-PHOST in aqueous base [21] . The Tg's of the copolymers were calculated from the values for the homopolymers and the copolymer compositions since the direct Tg measurement of these copolymers is hampered by the thermal deprotection event below
Tg [22] . The two isomer films contain a significant but relatively similar amount of PMA (9.2 and 11.3 wt%) when heated at 100 °C for 5 min [16] . However, the NMP uptake in the copolymer films is very much different; the para-isomer with a higher Tg absorbs 4.6 times more NMP than the metaisomer [16] . The Tg of the meta-isomer film could be below the bake temperature of 100 °C due to the presence of ca. 10 % residual PMA while the Tg of the para-isomer film is expected to be higher than the bake temperature.
Positive resists were formulated using these copolymers and 8 wt% of a N sulfonyloxyimide acid generator. The resist films were prebaked at 90 °C for 1 min, stored for 15 min in activatedcarbon-filtered air or in filtered airstream doped with 10 ppb NMP. After imagewise exposure on a Perkin Elmer 500 projection scanner in the deep UV mode, the resist films were postbaked at 90 °C for 90 sec and developed with an aqueous tetramethylammonium hydroxide solution for 1 min. Fig.   3 presents the contamination effect on the lithographic performance of the two isomer resists. The meta-copolymer resist treated with 10 ppb NMP before exposure printed 1 tm features as well as the control stored in the purified air. In contrast, the para-copolymer resist was severely contaminated when stored in the NMP-doped air, resulting in massive skin formation [1 6 ] . The meta-copolymer resist is more resistant to airborne contaminants because of its lower Tg . The greater contamination stability of the meta-copolymer is not due to a reduced photospeed as the imaging dose for the meta-isomer was 11 % smaller than that for the para-isomer in this contamination study. 
Summary of Tg Reduction for Environmental Stabilization
The above two examples employing a meta-isomer to lower Tg teach that lower Tg resist films absorb NMP (or other airborne contaminants) at a slower rate and are environmentally robust in lithographic imaging. Novolac-based chemical amplification resists are more resistant to contamination than PHOST-based systems, which is due to the lower Tg of the former phenolic resin. The stabilization mechanism of the additive approach mentioned in Introduction could in fact involve better annealing in some cases by plasticization (reduction of Tg).
High Temperature Bake (ESCAP Process)
Low Tg resists are environmentally more stable but lack practical utility in device manufacturing due to thermal flow during high temperature fabrication processes. Deep UV positive chemical amplification resists generally consist of PHOST, which provides high transmission at 248 nm and a high Tg (160480 °C) but are difficult to anneal as mentioned earlier. Annealing of such resist films requires PAB at unconventionally high temperatures unless the resins are of low molecular weight or plasticized by additives. Although the partial protection of p-PHOST commonly employed in the design of positive resists reduces the Tg, the acid-labile protecting groups undergo thermal deprotection at temperatures below Tg of the copolymer in many cases as the acidic phenolic OH group significantly reduces the thermal stability of the protecting group (190->130 °C in the case of the tBOC group [22] ). Thus, it is important to find a thermally and hydrolytically stable protecting group in order to carry out high temperature PAB for good annealing of PHOST-based high Tg resins. We have found that copolymers of HOST with t-butyl acrylate (TBA) (and methacrylate) are exceptionally stable thermally with thermal deprotection occurring at N180 °C while their Tg is ''150 °C , as the thermogravimetric analysis (TGA) curve in Fig. 4 indicates [17] . Thus, the poly(HOST-co-TBA) films can be baked at upto 180 °C, allowing good annealing, which is in sharp contrast with the majority of chemical amplification positive resist resins. The copolymers can be reproducibly prepared by a two step procedure involving radical copolymerization of 4-acetoxystyrene with TBA and subsequent base hydrolysis of the acetoxy group [17] .
The selection of a thermally and hydrolytically stable acid generator is another important issue in the ESCAP resist design [17, 23] . In Fig. 5 are presented TGA curves of triphenylsulfonium trifluoromethanesulfonate (TPSOTO +'and N-camphorsulfonyloxynaphthalimide (CSN). Triarylsulfonium salts are extremely stable thermally ('.'350 °C) and were therefore employed in our initial formulation [23] . The naphthalimide-based acid generators provide good thermal stability of up to 250 °C. In addition, this class of non-ionic acid generators is characterized with its high hydrolytic stability, allowing high temperature bake in the presence of a phenolic OH functionality, while phthalimide derivatives and some other acid generators suffer from significantly reduced thermal stability in a phenolic matrix [23] . Since the ESCAP resist requires high temperature PAB and PEB processes (140-160 °C), use of a bulky acid generator based on a bulky acid is important to minimize diffusion and evaporation of PAG and/or a photochemically generated acid [23] . some acid generators can evaporate out of a resist film at' 80 °C [23] and small trifluoromethanesulfonic (triflic) acid could escape from a resist film at a relatively low temperature of 130 °C, which could result in T-top formation [23] . The bulky CSN generates a bulky and rather weak camphorsulfonic acid upon irradiation.
The following acid generators were investigated for use in the ESCAP formulation [23] .
The poly(HOST-co-TBA) film absorbs NMP at a much slower rate (7.8 ng/min from airstream containing 10 ppb NMP) even when baked at 100 °C (below its Tg of ''150 °C) than the APEX resist (18 ng/min), which is presumably due to the incorporation of the acrylate structure [18, 19] . The 193 nm terpolymer resist consisting of methyl methacrylate, methacrylic acid, and t-butyl methacrylate is environmentally stable because its solubility parameter is very much different from that of NMP and other contaminants [24] . What should be noted is that baking the HOST-TBA copolymer film at 170 °C (above its Tg) dramatically reduces absorption of NMP to 1.8 ng/min (Table III) . This value is very much similar to the rate for a bare silicon wafer (1.1 ng/min) [15] [16] [17] [18] . Thus, it is clear that the high temperature bake minimizes NMP absorption in the poly(HOST-co-TBA) film, which we believe is due to the reduction of the free volume. The spin-cast copolymer film is isotropic (n11=1.5388 and n1=1.5395) and contains 7.9 wt% residual PMA when baked at 100 °C for 5 min . Heating the film at 170-180 °C removes PMA down to only 0.51 % and results in 9.4 % thickness reduction with an increase in the refractive index by '0.5 % (n11=1.5481 and n1=1.5485) (Table III) [18] .
p-PHOST absorbs a large amount of NMP due to its high Tg [18, 20] . However, its NMP uptake can be reduced by baking above its Tg. A film ofp-PHOST (M=14,000 ,and Tg 168 °C) is anisotropic (n11=1.5872 and n1=1.5887) when baked at 100 °C for 5 min, indicating poor annealing, and the film contains as much as 20 % residual PMA. Heating the film at 180 °C (above its Tg) for 5 min eliminates the anisotropy (n11=1.5984 and n1=1.5989), increases the refractive index by 0.6-0.7 %, and decreases the NMP uptake by ~40 % [25] .
In lithographic side-by-side comparison with the APEX resin using a GCA KrF excimer laser stepper in an uncontrolled laboratory atmosphere, the TBA-HOST copolymer resist exhibited a much superior environmental stability (PEB delay stability) [15] [16] [17] . When PEB was carried out 2 hr after the exposure, the ESCAP resist produced images that are essentially indistinguishable from the control images produced without a delay. In contrast, the APEX resist suffered from a massive skin formation when postbaked 1 hr after exposure. Furthermore, we have observed an overnight PEB delay stability as the scanning electron micrographs in Fig. 6 demonstrate. In this delay experiment, one wafer exposed on a Micrascan II was immediately baked and developed with a 0.255 N tetramethylammonium hydroxide aqueous solution (Fig. 6 left) and the other wafer exposed under the same conditions (21 mJ/cm2) was left on a bench top for N 18 hr, and then postbaked and developed (Fig. 6 right) . The 0.35 µm line/space patterns obtained with an overnight PEB delay were essentially identical to the control, indicating the excellent delay stability of the ESCAP resist. In the same environment, the APEX resist cannot perform well due to the skin formation when PEB is carried out 30 min after exposure.
The TBA-HOST copolymer has a high Tg of 150 °C and a high thermal deprotection temperature of .'180 °C. Therefore, the ESCAP resist image is devoid of thermal degradation even at 150 °C for at least 15 min, as the scanning electron micrograph in Fig. 7 demonstrates. This high thermal stability of resist images is a very important advantage in device fabrication in comparison 515 The ESCAP resist is resistant to airborne contamination due to good annealing by high temperature bake. The reduction of the free volume by annealing and the use of a bulky acid generator producing a bulky acid can reduce the diffusion of a photochemically generated acid. As the scanning electron micrographs in Fig. 8 indicate, the ESCAP resist provided a 1.2 µm depth-offocus and 20 % exposure latitude for 0.25 µm line/space patterns on an ASM-L 0.50 NA KrF excimer laser stepper using a 0.27 N tetramethylammonium hydroxide aqueous solution as the developer.
The ESCAP resist sensitivity is quite high, though a weak camphorsulfonic acid is generated, which is due to the high PEB temperature and the conversion of ester to a highly soluble carboxylic acid. 
